Chlamydial infection in the lower genital tract can lead to hydrosalpinx, which is accompanied by activation of both pattern recognition receptor TLR2-and inflammatory cytokine receptor TNFR1-mediated signaling pathways. In the current study, we compared the relative contributions of these two receptors to chlamydial induction of hydrosalpinx in mice. We found that mice with or without deficiencies in TLR2 or TNFR1 displayed similar time courses of live organism shedding from vaginal swabs, suggesting that these receptor-mediated signaling pathways are not required for controlling chlamydial lower genital infection. However, mice deficient in TNFR1 but not TLR2 developed significantly reduced hydrosalpinx. The decreased pathogenicity correlated with a significant reduction in interleukin-17 by in vitro-restimulated splenocytes of TNFR1-deficient mice. Although TLR2-deficient mice developed hydrosalpinx as severe as that of wild-type mice, peritoneal macrophages from mice deficient in TLR2 but not TNFR1 produced significantly reduced cytokines upon chlamydial stimulation, suggesting that reduced macrophage responses to chlamydial infection do not always lead to a reduction in hydrosalpinx. Thus, we have demonstrated that the signaling pathways triggered by the cytokine receptor TNFR1 play a more significant role in chlamydial induction of hydrosalpinx than those mediated by the pattern recognition receptor TLR2, which has laid a foundation for further revealing the chlamydial pathogenic mechanisms.
C
hlamydia trachomatis infection in the lower genital tract, if not treated, can ascend to the upper genital tract, causing pathologies such as hydrosalpinx, leading to complications such as tubal factor infertility (1) . The precise pathogenic mechanisms of C. trachomatis-induced diseases in humans remain unknown. Intravaginal inoculation with C. muridarum in mice has been extensively used to study mechanisms of C. trachomatis pathogenesis and immunity (2-6), although C. muridarum causes no known human diseases. This is because intravaginal infection in some strains of mice with C. muridarum can lead to hydrosalpinx that mimics the upper genital tract pathology in C. trachomatis-infected women. Using this model in combination with antibody depletion and gene knockout (KO), a CD4 ϩ T cell-dependent and gamma interferon (IFN-␥)-mediated immunity has been identified as a major protective mechanism for mice to control chlamydial infection (7) . However, the precise inflammatory mechanism of C. muridarum-induced hydrosalpinx is still unclear, although activation of many inflammatory signaling pathways has been detected during infection (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) .
Hydrosalpinx is a visible tubal pathology observed under laparoscopy and is defined as a long-lasting clear fluid accumulation in the lumen of fallopian tubes or oviducts as a result of fibrotic blockage. Mice intravaginally infected with C. muridarum can develop pyosalpinx during the first 3 weeks and gradually transition into hydrosalpinx as early as 4 weeks after infection, which is accompanied by significantly reduced neutrophil infiltration (9, 12, 19) . Some of these early hydrosalpinges are transient, while others are long lasting depending on the nature of the tubal blockage (19) . Although it is not clear at what time point hydrosalpinx becomes irreversible, what is certain is that hydrosalpinx observed in mice long after intravaginal infection with C. muridarum may be more relevant to hydrosalpinx observed in women. Mouse hydrosalpinx can be detected reproducibly between days 60 and 80 after intravaginal infection with C. muridarum (14, 15, (20) (21) (22) (23) (24) , suggesting that mouse hydrosalpinx detected 60 days after infection represents long-lasting upper genital tract pathology.
During chlamydial infection, both pattern recognition receptor TLR2-and inflammatory cytokine receptor TNFR1-mediated signaling pathways are activated (8) (9) (10) (11) (12) (13) . TLR2 is a MyD88-dependent pattern recognition receptor responsible for detecting microbial components such as peptidoglycan (25) . TLR2-mediated signals can lead to activation of both NF-B and mitogen-activated protein (MAP) kinase signaling pathways (26) . Tumor necrosis factor (TNF) signals through two distinct receptors, designated TNFR1 or p55 and TNFR2 or p75, respectively. TNFR1 is the primary signaling receptor that initiates the majority of inflammatory responses classically attributed to TNF. It activates both NF-B and MAP kinase pathways in addition to apoptosis induction (27) (28) (29) . Although in general inflammatory pathways activated by either TLR2 or TNFR1 can contribute to both eradication of infectious agents and tissue injury (27, 29) , their precise roles in chlamydial infection and pathogenesis, especially the development of long-lasting visible hydrosalpinx, have not been carefully evaluated. For example, although a statistically significant reduction in oviduct acute but not chronic inflammation and decrease in lumenal dilation score from ϳ3 to ϳ2 were found in TLR2 knockout (TLR2 Ϫ/Ϫ ) mice (9), these observations were made under microscopy and on day 35 after infection. This acute inflammation and oviduct dilation, observable only by microscopice on day 35, may not always lead to long-lasting hydrosalpinx observable by the naked eye on day 60 or 80 after infection. The role of TNFR1 in chlamydial infection and pathogenesis also needs further investigation. Adoptive transfer of TNF-␣ reduced chlamydial lung infection (30) , but chlamydial resolution in the genital tract appeared to be independent of TNF-␣ (31). The role of TNF-␣ in chlamydial pathogenesis seems to be more certain. First, TNF-␣ polymorphism has been linked to increased risk of severe tubal damage in women with infertility associated with C. trachomatis (32) . Second, mice genetically deficient in TNF-␣ production displayed significantly reduced hydrosalpinx (33) . Since TNF-␣ can signal via both TNFR1 and TNFR2, it remains unknown which receptor-mediated pathway is more important in chlamydial pathogenesis.
In the current study, we compared the relative contributions of TLR2 and TNFR1 to chlamydial induction of hydrosalpinx in mice. We found that regardless of their deficiencies in TLR2 or TNFR1, mice displayed similar time courses of live organism shedding from vaginal swabs, suggesting that these receptor-mediated signaling pathways are not required for controlling chlamydial lower genital infection. However, mice genetically deficient in TNFR1 but not TLR2 displayed significantly reduced hydrosalpinx on day 60 or 80 after C. muridarum infection. The reduced pathogenicity correlated with a significant reduction in interleukin-17 (IL-17) production in TNFR1-deficient mice. Thus, signaling pathways triggered by the cytokine receptor TNFR1 play a more significant role than those mediated by the pattern recognition receptor TLR2 in chlamydial induction of long-lasting hydrosalpinx, which has provided a foundation for further revealing the chlamydial pathogenic mechanisms.
MATERIALS AND METHODS
Chlamydial organisms and infection. The C. muridarum organisms (Nigg strain) used in the current study were propagated in HeLa cells (human cervical carcinoma epithelial cells; ATCC CCL2), purified, aliquoted, and stored as described previously (16, 34) . Female wild-type C57BL/6J mice (stock number 000664) or mice with gene deficiency in TLR2 (B6.129-Tlr2 tm1Kir /J; stock number 004650) or TNFR1 (B6.129-Tnfrsf1a tm1Mak /J; stock number 002818) were purchased at the age of 5 to 6 weeks old from Jackson Laboratories (Bar Harbor, ME). Each mouse was inoculated intravaginally with 2 ϫ 10 5 inclusion-forming units (IFUs) of live C. muridarum organisms as described previously (16) . For in vitro infection of HeLa cells, HeLa cells grown on coverslips in 24-well plates containing Dulbecco's modified Eagle medium (DMEM; GIBCO BRL, Rockville, MD) with 10% fetal calf serum (FCS; GIBCO BRL) at 37°C in an incubator supplied with 5% CO 2 were inoculated with C. muridarum organisms as described previously (16, 34) . The infected cultures were processed for immunofluorescence assay as described below.
Monitoring mouse shedding of live chlamydial organisms. To monitor live organism shedding, vaginal swabs were taken on different days after the intravaginal infection. Each swab was suspended in 500 l of SPG followed by sonication on ice, and the released organisms were titrated on HeLa cell monolayers in duplicates as described previously (14, 16, 35, 36) . The total number of IFUs per swab was calculated based on the number of IFUs per field, number of fields per coverslip, dilution factors, and inoculation and total sample volumes. An average was taken from the serially diluted and duplicate samples for any given swab. The calculated total number of IFUs/swab was converted into log 10 values, and the log 10 IFUs were used to calculate means and standard deviations for each group at each time point.
Evaluating mouse genital tract tissue pathology and histological scoring. Mice were sacrificed on days 60 to 80 after infection, and the mouse urogenital tract tissues were isolated. Before the tissues were removed from the mouse body, an in situ gross examination was performed for evidence of oviduct hydrosalpinx or any other related abnormalities of oviducts. The severity of oviduct hydrosalpinx was scored based on the following criteria: no hydrosalpinx (0), hydrosalpinx detectable only after amplification (1), hydrosalpinx clearly visible with the naked eye but smaller than (2), equal to (3), or larger than (4) the size of the ovary on the same side. The oviducts from left and right sides of the same mouse were scored separately, and the average of these two scores was the score assigned to the mouse. The excised tissues, after photographing, were fixed in 10% neutral formalin, embedded in paraffin, and serially sectioned longitudinally (5 m/section). Efforts were made to include cervix, both uterine horns, and oviducts, as well as lumenal structures of each tissue in each section. The sections were stained with hematoxylin and eosin (H&E) as described elsewhere (19) . The H&E-stained sections were scored for severity of inflammation and pathologies based on the modified schemes established previously (14, 19) . Scoring for dilation of oviduct used the following scheme: 0, no significant dilation; 1, mild dilation of a single cross section; 2, one to three dilated cross sections; 3, more than three dilated cross sections; and 4, confluent pronounced dilation. Scoring for inflammatory cell infiltrates (at the chronic stage of infection, the infiltrates mainly contain mononuclear cells) used the following scheme: 0, no significant infiltration; 1, infiltration at a single focus; 2, infiltration at two to four foci; 3, infiltration at more than four foci; and 4, confluent infiltration. Scores assigned to individual mice were calculated as means Ϯ standard errors for each group of animals.
Immunofluorescence assay. HeLa cells grown on coverslips with or without chlamydial infection were fixed and permeabilized for immunostaining as described previously (36) (37) (38) . Hoechst (blue; Sigma) was used to visualize nuclear DNA. For titrating IFUs from mouse vaginal swab and kidney tissue homogenate samples, a mouse antichlamydial lipopolysaccharide (LPS) antibody (clone MB5H9; unpublished observation) plus a goat anti-mouse IgG conjugated with Cy3 (red; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) were used to visualize chlamydial inclusions. All immunofluorescence-labeled samples were observed under an Olympus AX-70 fluorescence microscope equipped with multiple filter sets (Olympus, Melville, NY).
ELISA. Cytokines from supernatants of mouse spleen cells restimulated with UV-inactivated chlamydial organisms or peritoneal cavity macrophages infected with live chlamydial organisms or vaginal swabs collected on day 10 after infection were measured using commercially available enzyme-linked immunosorbent assay (ELISA) kits. The kits for mouse IFN-␥ (catalog number DY485), IL-17 (DY420), IL-4 (DY404), IL-1␣ (DY400), IL-6 (DY406), and MIP2 (IL-8; DY452) all were obtained from R&D Systems, Inc. (Minneapolis, MN). The ELISA was performed by following the instructions provided by the manufacturer or as described elsewhere (39) (40) (41) . A soluble colorimetric substrate [2-2=-azinodi-(3-ethylbenzthiazoline) sulfonic acid; ABTS] was used to detect the secondary antibody conjugate binding. The absorbance taken at 405 nm was used to calculate cytokine concentrations (pg per ml). To prepare mouse spleen cell in vitro restimulation cultures, splenocytes were harvested from mice infected with C. muridarum on days 60 to 80 after infection and cultured in 96-well plates at a density of 5 ϫ 10 6 cells/well with or without stimulation with UV-inactivated C. muridarum elementary bodies at a final concentration of 1 ϫ 10 6 IFUs/ml. After culturing for 3 days, the culture supernatants were collected for cytokine measurements. Peritoneal cavity macrophages were harvested by washing the cavity with 3 ml cold phosphate-buffered saline (PBS), and the cell suspensions from each mouse were washed with DMEM containing 10% FCS before seed-ing to 24-well plates with 1 ϫ 10 5 /well. The overnight cultures were washed once to remove nonadherent cells and were infected with C. muridarum at an multiplicity of infection (MOI) of 1 for 24 h before the supernatants were taken for cytokine measurements.
Statistical analyses. The Kruskal-Wallis test was used to analyze the differences in IFUs recovered from mouse swabs. The pathology score data were analyzed with the Mann-Whitney rank-sum test. Fisher's exact test was used to analyze category data, including the percentage of mice with oviduct hydrosalpinx. The cytokine concentrations were analyzed using a two-tailed Student t test.
RESULTS
Neither the TNFR1 nor TLR2 signaling pathway is required for controlling chlamydial lower genital tract infection. First, we compared mice deficient in TLR2 (n ϭ 19 mice) or TNFR1 (n ϭ 20) to wild-type mice (n ϭ 31) in their susceptibility to C. muridarum infection in the urogenital tract. The three groups of mice were intravaginally infected with C. muridarum organisms, and the vaginal shedding of live organisms was monitored postinfection (Fig. 1) . All mice, regardless of genotype, shed similar levels of live organisms up to 4 weeks after infection. By day 31, most mice cleared infection. These observations suggest that neither the TLR2-nor TNFR1-mediated signaling pathway is necessary for controlling C. muridarum infection in the mouse lower genital tract.
Mice deficient in TNFR1 but not TLR2 developed significantly reduced hydrosalpinx following C. muridarum infection. All mice described above were sacrificed for observing upper genital tract pathology between days 60 and 80 after infection (Fig. 2) . We found that 71% of C57BL/6J wild-type mice developed hydrosalpinx with a severity score of 3.45 Ϯ 3.00. Mice deficient in the inflammatory cytokine receptor TNFR1 developed significantly reduced hydrosalpinx, with only 25% of these knockout mice being positive for hydrosalpinx (P Ͻ 0.01), and a severity score of 0.61 Ϯ 1.18 (P Ͻ 0.01). This observation is consistent with a previous finding that mice deficient in TNF-␣ failed to develop severe hydrosalpinx (33) . However, 58% of mice deficient in TLR2 also developed hydrosalpinx with a severity score of 2.32 Ϯ 2.03. Although both the absolute number of mice with hydrosalpinx and the hydrosalpinx score were lower in the TLR2 knockout group, these parameters were not significantly different between the TLR2 knockout and wild-type groups (P ϭ 0.37 and P ϭ 0.16, respectively). This observation seemed to contradict a previous claim that the TLR2-mediated signaling pathway is critical for C. muridarum induction of hydrosalpinx (9) . The gross pathology was confirmed by the microscopic observation that the oviduct lumen of mice deficient in TNFR1 but not TLR2 was significantly dilated compared to that of the wild-type mice (Fig. 3) . However, there was no significant difference in chronic inflammatory infiltration scores among the 3 groups. This is probably due to remission of inflammatory responses after the irreversible hydrosalpinx has already established 60 to 80 days after infection.
The reduced hydrosalpinx development correlates with a decreased production of IL-17 by splenocytes but not IL-1␣, IL-6, or IL-8 by macrophages. We monitored T cell cytokine production between three groups of mice using an in vitro spleen cell restimulation assay (Fig. 4) . Splenocytes from all three groups of mice produced high levels of IFN-␥ upon restimulation with chlamydial antigens, which may explain why all three groups displayed similar live organism shedding time courses, as shown in Fig. 1 , since IFN-␥ has been considered a major host defense cytokine for controlling C. muridarum infection in mice. There was no significant difference in IL-4 production between the three groups of mice. However, splenocytes from mice deficient in TNFR1 but not TLR2 produced a significantly reduced level of IL-17 (P Ͻ 0.01), which correlated with the significantly reduced hydrosalpinx in TNFR1 knockout mice. We also compared mouse macrophages for inflammatory cytokine production upon chlamydial stimulation in cell cultures (Fig. 5) . We found that mice deficient in TLR2 but not TNFR1 produced significantly reduced levels of cytokines IL-1␣, IL-6, and MIP2 (mouse IL-8), which is consistent with previous findings that macrophages deficient in following C. muridarum infection. The same three groups of mice described in the legend to Fig. 1 were sacrificed between days 60 and 80 after infection for harvesting genital tract tissues. One representative tissue image is shown for each group, with the left image for the C57BL/6J wild-type (WT), the middle for TLR2
Ϫ/Ϫ , and the right for TNFR1 Ϫ/Ϫ groups. V, vagina; C, cervix; U, uterus; UH, uterine horn; O, ovary. The genital tract tissues were carefully examined by naked eye or under a stereoscope for hydrosalpinx, as indicated by red arrows in the overall genital tract image and red arrowheads in the magnified images for oviduct/ovary sections. For each group, the total number of mice (N) and percentage of mice with positive hydrosalpinx, along with hydrosalpinx severity scores (determined as described in Materials and Methods), all were listed under the corresponding images. Note that both the hydrosalpinx incidence rates and severity scores were significantly lower in TNFR1 Ϫ/Ϫ (P Ͻ 0.01 for both) but not TLR2 Ϫ/Ϫ groups compared to the C57BL/6J wild-type group.
either TLR2 or MyD88 were less capable of producing cytokines upon chlamydial stimulation (9, 14) . We further monitored these inflammatory cytokines in vaginal swabs collected from mice 10 days after infection and found a similar trend, i.e., the TLR2-deficient mice produced lower levels of these cytokines (Fig. 6 ).
This observation confirmed the in vitro macrophage cytokine profile result described above. However, the inadequate lower genital tract or macrophage responses to chlamydial stimulation in terms of cytokine production may not negatively affect hydrosalpinx development in the upper genital tract, since mice deficient in either TLR2 (Fig. 2) or MyD88 (14) still developed significant hydrosalpinx.
DISCUSSION
Chlamydia muridarum infection induces long-lasting hydrosalpinx in mice, which is accompanied by activation of both pattern Ϫ/Ϫ , and wild-type mice between days 60 and 80 after infection, when the mice were sacrificed for examining genital tract pathology as described in the legend to Fig. 2 . The splenocytes were restimulated in vitro with UVinactivated C. muridarum organisms for 72 h. The culture supernatants were measured for IFN-␥ (a), IL-4 (b), and IL-17 (c) using ELISA, and the results were expressed as picograms per ml as shown along the y axis. Note that the level of IL-17 produced by splenocytes from TNFR1 Ϫ/Ϫ but not TLR2 Ϫ/Ϫ mice was significantly lower than that from wild-type mice (**, P Ͻ 0.01 by Student t test). The TLR2 Ϫ/Ϫ mice produced significantly more IL-17 than the TNFR1 Ϫ/Ϫ mice (*, P Ͻ 0.05 by Student t test).
FIG 5
Effect of TLR2 or TNFR1 deficiency on mouse macrophage cytokine production. Macrophages harvested from the peritoneal cavity of wild-type C57 mice (WT; n ϭ 5) and TLR2 Ϫ/Ϫ (n ϭ 5) or TNFR1 Ϫ/Ϫ (n ϭ 5) mice were infected with C. muridarum organisms for 24 h. The culture supernatants were used for cytokine measurements, and the cytokine concentrations were expressed in picograms per milliliter (shown along the y axis). Macrophages from TLR2
Ϫ/Ϫ mice produced significantly lower levels of cytokines (**, P Ͻ 0.01 by Student t test).
FIG 6
Effect of TLR2 or TNFR1 deficiency on cytokine production in the lower genital tract. Swabs were collected from mouse vaginas 10 days after infection as described in the legend to Fig. 1 . Swabs from 10 mice randomly selected from each group (WT, TLR2 Ϫ/Ϫ , and TNFR1 Ϫ/Ϫ ) were used for measuring cytokines, and the cytokine concentrations were expressed in picograms per milliliter (shown along the y axis). The TLR2 Ϫ/Ϫ mice produced the lowest levels of cytokines. recognition receptor TLR2-and inflammatory cytokine receptor TNFR1-mediated signaling pathways. However, the relative roles of these two receptor-mediated pathways in chlamydial induction of long-lasting hydrosalpinx have not been carefully compared side by side. The current study is aimed at clarifying the relative contributions of these receptor-mediated signaling events to C. muridarum infection and induction of hydrosalpinx. The hydrosalpinx was visually examined 60 days or later after infection, since long-lasting hydrosalpinx is more relevant to hydrosalpinx observed in women and may be used as a hallmark for tubal factor infertility. We found that in 3 to 4 independent experiments, mice with or without deficiencies in TLR2 or TNFR1 displayed similar time courses of live organism shedding from the lower genital tract, suggesting that these receptor-mediated signaling pathways are not required for controlling chlamydial lower genital infection. More importantly, in these same experiments, mice deficient in TNFR1 but not TLR2 consistently developed significantly reduced hydrosalpinx. These experiments have convincingly demonstrated that TLR2 signaling pathways are not required for C. muridarum induction of long-lasting hydrosalpinx, since there were no significant differences in either the incidence rates or severity scores of hydrosalpinx between TLR2
Ϫ/Ϫ and wild-type mice. On the contrary, TNFR1-mediated pathways are far more important for the development of hydrosalpinx during C. muridarum infection. Both the incidence rates and severity scores of hydrosalpinx were significantly reduced in the TNFR1 Ϫ/Ϫ mice. Darville et al. reported a statistically significant reduction in oviduct acute but not chronic inflammation in TLR2 Ϫ/Ϫ mice and a decrease in the oviduct lumenal dilation score from ϳ3 in wildtype mice to ϳ2 in TLR2 Ϫ/Ϫ mice (9). These observations have led the field to believe that TLR2-mediated pathways are critical for C. muridarum induction of hydrosalpinx. However, these observations were made under microscopy and on day 35 after infection. Acute inflammation and oviduct dilation observable only at the microscopic level on day 35 may not always lead to the longlasting hydrosalpinx observable by the naked eye on day 60 or 80 after infection. Although transient hydrosalpinx may also affect fertility, it is the long-lasting hydrosalpinx that is more clinically relevant to tubal factor infertility. This is because most tubal factor infertility patients with high titers of anti-C. trachomatis antibodies developed tubal blockage, as revealed under hysterosalpingography, and hydrosalpinx observable under a laparoscope (42, 43) . Thus, we have used the visual observation of hydrosalpinx on day 60 or longer after infection as a primary parameter for measuring C. muridarum pathogenesis in mice (15, 20, 24) . Using this criterion in the current study, we found that the TLR2 Ϫ/Ϫ mice developed hydrosalpinx as severe as that of the wild-type mice. Although both the incidence rates and severity scores of the TLR2 Ϫ/Ϫ mice were slightly lower, they were not significantly lower than those in the wild-type mice. Given the large sample size (n ϭ 31 for wild-type mice and n ϭ 19 for TLR2 Ϫ/Ϫ mice) in the current study, we are confident that these observations are reproducible. On the contrary, the previous study that claimed a role of TLR2 in upper genital pathology was based on only 10 mice per group (9) . Our observation is supported by a previous finding that mice deficient in MyD88, a critical adaptor molecule required for TLR2-mediated signaling, developed more severe hydrosalpinx (14) . This suggested that MyD88-independent inflammatory pathways are sufficient for causing hydrosalpinx. However, it is worth noting that in the absence of MyD88, mice experienced more severe infection (14) , and the severe infection might be responsible for activating MyD88-independent signaling pathways for exacerbating hydrosalpinx. In the absence of TLR2, mice did not develop more severe infection, suggesting that redundant pathways involving MyD88 are sufficient for keeping chlamydial infection at a level similar to that of the wild-type mice. However, it is not clear at the moment whether the same redundant pathways were also responsible for mediating hydrosalpinx-causing inflammation in the TLR2 KO mice. Since the current study has also revealed that TNFR1 KO mice displayed significantly reduced hydrosalpinx, we hypothesize that TNFR1 pathways play a significant role in chlamydial induction of hydrosalpinx in the TLR2 KO mice. It will be interesting to determine how the TNFR1 signaling pathway is activated during chlamydial infection in TLR2 KO mice.
Although we have presented convincing data that TLR2 is redundant in chlamydial induction of hydrosalpinx in our mouse model system, the precise role of TLR2 in chlamydial infection and pathogenesis in other models and humans remains unclear. TLR2 signaling pathways were activated during chlamydial infection, and TLR2-deficient mice did display a slight reduction in hydrosalpinx rate and severity (although there was no statistical significance). These observations suggested that TLR2 still plays some role in chlamydial infection and pathogenesis, especially under different infection conditions, for example, during less severe infection or in hosts with different genetic backgrounds. It is worth noting that the C. muridarum genital tract infection in C57BL/6J mice is a relatively severe infection model, since a single infection in the lower genital tract is sufficient to induce hydrosalpinx in the upper genital tract. However, during natural infection in humans, multiple C. trachomatis infections often correlate with tubal factor infertility. Thus, each single infection with C. trachomatis in humans may be less severe than the experimental C. muridarum infection in our mouse model. It is possible that TLR2 signaling pathways play a more significant role in C. trachomatis infection in humans. However, the TLR2 genotype was not associated with tubal infertility in women (44) . Thus, more investigations are required to address the precise role of TLR2 signaling pathways in human chlamydial infection and pathogenesis.
The cytokine receptor TNFR1 plays a significant role in hydrosalpinx development during C. muridarum infection. Both the incidence rates and severity scores of hydrosalpinx were highly significantly reduced in TNFR1 Ϫ/Ϫ mice compared to those of either wild-type or TLR2 Ϫ/Ϫ mice. The question is why these two receptors, both leading to activation of NF-B and MAP kinase pathways, played distinct roles in chlamydial pathogenesis. When macrophages from these mice were compared, we found that TLR2 Ϫ/Ϫ but not TNFR1 Ϫ/Ϫ macrophages displayed significantly reduced cytokine production after C. muridarum infection. Similarly, MyD88
Ϫ/Ϫ macrophages were also deficient in cytokine production (14) . Clearly, lack of cytokine production by macrophages deficient in innate immunity receptor-mediated signaling did not result in reduced hydrosalpinx. Thus, we can conclude that MyD88-dependent signaling pathways are not essential for chlamydial induction of hydrosalpinx. On the contrary, the cytokine receptor TNFR1-mediated signaling contributes significantly to hydrosalpinx development during C. muridarum infection, which is consistent with a previously demonstrated role of TNF-␣ in chlamydial pathogenesis (33) . The reduced hydrosalpinx was further correlated with a significant reduction in IL-17 production by splenocytes from TNFR1 Ϫ/Ϫ mice. This finding is supported by a recent observation that mice deficient in IL-17 developed significantly reduced chronic pathology (45) and also is consistent with our previous study showing that although the IL-23/TH17 axis was not required for host resistance to C. muridarum infection, it contributed significantly to Chlamydia-induced pathology (20) . These observations together have suggested that IL-17-mediated responses are critical for hydrosalpinx development during C. muridarum infection. The next question is how TNFR1 signaling may affect IL-17 production. During fungal infection in the mouse airway, TNF-␣ produced by inflammatory dendritic cells was found to promote IL-17A production by CD4 ϩ T cells, and a lack of TNF-␣ decreased IL-17A levels (46) . Thus, it is likely that in TNFR1-deficient mice, inadequate IL-17 production leads to the reduced development of hydrosalpinx. We can now hypothesize that TNFR1 signaling-promoted Th17 cells contribute significantly to chlamydial induction of hydrosalpinx.
In all, we have demonstrated that TLR2 signaling is not required for chlamydial induction of hydrosalpinx despite the observation that TLR2-deficient macrophages produced significantly reduced levels of cytokines upon chlamydial infection. In contrast, the TNFR1 signaling is essential for hydrosalpinx development during chlamydial infection, which correlates with IL-17 production by splenocytes. These observations have set a correct direction for further understanding chlamydial pathogenic mechanisms.
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